Three-dimensional numerical simulations are carried out for the study of free convection in a layered porous enclosure heated from below and cooled from the top. The system is defined as a cubic porous enclosure comprising three layers, of which the external ones share constant physical properties and the internal layer is allowed to vary in both permeability and thermal conductivity. 
paper we present 3D steady-state numerical simulations of free convection in a 28 three-layer porous enclosure.
29
Early work on the onset of convection in layered porous media is that by and Gounot [7] studied the onset of convection in a layered porous medium con-
40
sidering both anisotropic and isotropic layers as regards the permeability and 41 thermal conductivity. As a particular case study, they calculated numerically
42
Ra c for the onset of convection for a two-layer porous medium with isotropic 43 layers and showed that the stability of the system increases when the perme- reported an asymptotical increase in the Nusselt number as the permeability 49 ratio of the top to the bottom layers was increased, they observed confinement 50 of convection for a permeability ratio of the top to the bottom layers of 10 and 51 Ra = 35 which was defined with respect to the bottom layer of the system.
52
Mckibbin and Tyvand [9] investigated the conditions under which thermal con-53 vection in a layered porous medium can be comparable to that for an anisotropic 54 porous medium. They pointed out that a multilayer system can be modeled by 55 an analog anisotropic system when there is no confinement of convection in the 56 layered system.
57
The problem of porous layers separated by conductive impermeable inter-58 faces has also been investigated. Jang and Tsai [10] studied the onset of con-
59
vection in a two-layer system separated by a conductive interface. The porous enclosure consists of a three-layer system, of which the exter- 
Where the permeability is defined as k(z) = f (z)k 1 , with k 1 the permeability 109 referred to that for the top and bottom layers, and f (z) is a dimensionless 110 smooth function, which in this case will be defined as a hyperbolic tangent 111 function to represent layers. The energy equation is as follows
Likewise, the thermal diffusivity is defined as η(z) = g(z)η 1 , with η 1 referred 113 to P M 1 and g(z) a smooth function to represent layers. The condition of 114 incompressibility of the fluid is also invoked:
Dimensionless variables are defined as follows:
Where Ra is the Darcy-Rayleigh number and L the characteristic length.
117
The dimensionless problem is then as follows, momentum equation:
The dimensionless energy equation is as follows:
A global Nusselt number is defined to quantify the heat transfer through the upper surface z = 1:
Boundary conditions and initial conditions

120
As initial condition both dimensionless temperature and velocity are set to 
This equation is then written in terms of a vector potential ψ, such that 
The corresponding boundary conditions are:
∂ψ 2 ∂y = ψ 1 = ψ 3 = 0, for y = 0 and y = 1
The system can be further simplified noticing that ψ 3 = 0. The validation of our model for the homogeneous case was presented in a 149 previous work [19] . A validation for the layered model is presented here con- 
N u vs permeability ratio and internal layer thickness 160
Let us discuss first the effect of the permeability ratio and internal layer 161 thickness on the Nusselt number. All the simulations were carried out consider- is not necessarily the same.
176
All the convective modes observed in these simulations were characterized 177 by 2D cells. Figure 5 shows streamlines calculated at different cross sections 
N u vs conductivity ratio
198
The evaluation of the conductivity ratio was carried out considering a con- and permeability, a presentation of such models can be referred to Bear [20] .
202
Steady state Nusselt numbers of the studied cases are presented in Figure 8 . are shown in Figure 9 and the corresponding temperature and velocity fields in 216 Figure 10 .
217
On the contrary, for a weak permeability contrast (k 2 /k 1 = 0.9) there was 218 in general a low sensitivity to η 2 /η 1 . Since the system is close to the homo-
219
geneous case with Ra = 200 the convective effects dominate the system and 220 consequently decreasing the thermal conductivity of the layer has little impact.
221
The convective modes of this series were also characterized by 2D velocity dis- 
